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RHIC: Exploring QCD in detail 
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Properties of the sQGP in detail 
Mechanism of Energy Loss: 

 weak or strong coupling? 
Is there a critical point, and if so, where? 
Novel symmetry properties 
Exotic particles 

Hot QCD Matter Partonic structure 

Spin structure of the nucleon 
How to go beyond leading twist and 

 colinear factorization? 
 

What are the properties of  
 cold nuclear matter? 



•  Hot QCD matter: high luminosity RHIC II (fb-1 equivalent) 
–  Heavy Flavor Tracker: precision charm and beauty 
–  Muon Telescope Detector: e+µ and µ+µ at mid-rapidity 
–  Trigger and DAQ upgrades to make full use of luminosity 
–  Tools: jets combined with precision particle identification 

•  Phase structure of QCD matter: Energy Scan Phase II 
–  Fixed Target to access lowest energy at high luminosity 
–  Low energy electron cooling to boost luminosity for √sNN<20 GeV 
–  Inner TPC Upgrade to extend η coverage, improve PID  

•  Cold QCD matter: high precision p+A, followed by e+A 
–  Major upgrade of capabilities in forward direction 
–  Existing mid-rapidity detectors well suited for portions of e+A program 
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How to explore QCD: from hot to cold 
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STAR: A Correlation Machine 
Tracking: TPC Particle ID: TOF 

Heavy Flavor 
Tracker (run 14) 

Electromagnetic 
Calorimetry: 

BEMC+EEMC+FMS 
(-1 ≤ η ≤ 4) 

Muon Telescope 
Detector (runs 13/14) 

Plus upgrades to 
Trigger and DAQ  

Recent upgrades: 
DAQ1000 

TOF 

Full azimuthal particle identification  
over a broad range in pseudorapidity 

Forward GEM 
Tracker (runs 12/13) 
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TPC 

TOF 

EMC 

HFT 

Neutral particles  

e, µ 

π 
K     p      d 

TPC      TOF     TPC 

Log10(p) 

Multiple-fold correlations among the identified particles! 
Nearly perfect coverage at mid-rapidity 

Hyperons & Hyper-nuclei 

Jets 

Heavy-flavor hadrons 

MTD 

High pT muons Jets & Correlations 

Charged hadrons 

Particle Identification in STAR 
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What are the properties of cold nuclear matter? 
Is there evidence for saturation of the gluon density? 
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PHENIX, Phys. Rev. Lett. 107, 172301 (2011) 

•  RHIC may provide unique access to the onset of saturation 
–  Complementarity: LHC likely probes deeply saturated regime  

•  Future questions for p+A 
–  What is the gluon density in the (x,Q2) range relevant at RHIC? 
–  What role does saturation of gluon densities play at RHIC? 
–  What is Qs at RHIC, and how does it scale with A and x? 
–  What is the impact parameter dependence of the gluon density? 

Upgrades to both STAR and PHENIX to extend observables (focus on EM) 

  Timescale: medium-term (~2017+)  

STAR!preliminary 

1/9/2013 



1/9/2013 7 

p+A: Where to measure? 
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Most promising at 
RHIC energies:  
y ~ 3-4 
Q2 ~ few GeV2 
 

N.B. Lines only  
schematic, kinematic 
control limited in p+A 
From 2->2 parton 
scattering, many 
sources of smearing 
 
LHC mid-y  
~ RHIC y=4 



MRPC ToF Barrel 

BBC 

FPD 

FMS 

EMC Barrel 
EMC End Cap 

DAQ1000 COMPLETE 

R&D/Ongoing 

TPC 

STAR Experiment as of 2014 
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HFT FGT 

MTD 

Roman Pots  
Phase 2 

Trigger and DAQ  
Upgrades 



Better tracking and dE/dx PID capability 
η 1.0-1.7 region -- broad physics impact on 

 transverse spin physics program  
 hyperon and exotic particle searches 
 high pT identified particles 
 BES Phase II+ 

Not as forward as most useful for p+A, but useful for ridge studies 
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Inner TPC  Upgrade 
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•  Forward instrumentation optimized for p+A and transverse spin physics 
–  Charged-particle tracking 
–  e/h and γ/π0 discrimination 
–  Possibly Baryon/meson separation 

FHC 
(E864) 

~ 6 GEM disks 
Tracking: 2.5 < η < 4 

RICH/Threshold  
Baryon/meson 
separation 

proton nucleus 
2017+ 

W-Powder EMCal 

FHC 
(E864) 

Pb-Sc HCal 

Forward Calorimeter System (FCS) 

Forward Instrumentation Upgrade 



Some planned p+A measurements 
•  Nuclear modifications of the gluon PDF 

–  Correlated charm production 
•  Gluon saturation 

–  Forward-forward correlations (extension of existing π0-π0) 
•  h-h 
•  π0-π0 

•  γ-h 
•  γ-π0 

–  Drell-Yan 
•  Able to reconstruct x1, x2, Q2 event-by-event 
•  Can be compared directly to nuclear DIS 
•  True 2 à 1 provides model-independent access to x2 < 0.001 

•  What more might we learn by scattering polarized protons off 
nuclei? 

•  Forward-forward correlations and Drell-Yan are also very 
powerful tools to unravel the dynamics of forward transverse spin 
asymmetries – Collins vs Sivers effects, TMDs or Twist-3, … 
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Easier to measure 

Easier to interpret 
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Calorimeter: 
1)  EM: Pb-glass (FMS) augmented by Tungsten SPACAL 

1)  Smaller Moliere radius for better 2-γ separation 
2)  Keep high E resolution 

2)  Hadron calorimetry for e/h discrim., jet reconstruction  
Very Forward GEM Tracker (VFGT) 

1)  Likely GEM-based 
2)  Details of the design depend on experience with FGT 

Particle Identification 
RICH problematic with accessible pT resolution 
Threshold Cerenkov detector under consideration  
Detector will not be included in initial upgrade 

 
Schedule: proposal this year, construction start 2015+ 

 Ready for data 2017 at the earliest 

Plans for Forward Upgrade 



    Also measured: 
 
1.Uniformity of response 
across the towers. 
 
2. Energy resolution with and  
    without mirror. 
 
3. Perform  scans along the 
towers with electrons and 
muons. 
  
4. Estimated effects of 
attenuation and towers non-
uniformities on resolution. 
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Viable EMC detector technology developed through EIC R&D 
A prototype hadron calorimeter module will be built in 2013 

Calorimeter: SPACAL works 
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Tracking: proof of principle 

3.7. Qualität der kalibrierten Daten 41

3.7.2 Impulsauflösung

Wie in [Old02a] eingehend auf Simulationsdatensätzen beruhend gezeigt wurde, ist die
Impulsauflösung im Mittel ⇠ 12% und weist ein starke Abhängigkeit vom betrachteten
kinematischen Bereich in ⌘ und pt auf. – Die in dieser Arbeit benutzte Definition der
Impulsauflösung ergibt sich aus der Verteilungsbreite des relativen Impulsfehlers (siehe
[Old02a]). – Eine realistischere Abschätzung kann durch das sogenannte Embedding
erzielt werden. In diesem Verfahren werden simulierte Teilchenspuren in ein reales Er-
eignis eingebettet (embedded) und nach vollständiger Simulation des Detektors [Gia93]
durch die Rekonstruktionssoftware analysiert (für weitere Details dieses Verfahrens und
die Umsetzung für die FTPCs sei auf [Sim04] verwiesen).
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Abbildung 3.21: Impulsauflösung in Abhängigkeit von ⌘ und pt in der West-FTPC bestimmt durch
Embedding von geladenen Pionen in Minimum-Bias Au+Au Ereignisse.

Die in dieser Arbeit verwendeten Embedding-Datensätze beruhen auf Minimum-Bias
Au+Au (oder Minimum-Bias d+Au) Ereignisse, in denen primäre geladene Pionen mit
einer flachen pt- und ⌘-Verteilung embedded wurden. Dabei wurde abhängig von der
Multiplizität des betrachteten Ereignisses 5% simulierte Teilchenspuren (in d+Au aber
mindestens eine Spur) embedded. Eine signifikante Abhängigkeit der Impulsauflösung
von der Zentralität des Ereignisses konnte in den Au+Au Ereignissen und insbesondere
in d+Au Ereignissen nicht festgestellt werden. Damit wird deutlich, daß die Impuls-
auflösung eine intrinsische Größe darstellt und bestätigt damit die Ergebnisse aus Kap.
5.2.1. In Abb. 3.21 ist die Impulsauflösung für Minimum-Bias Au+Au Ereignisse für die
West-FTPC als Funktion der Pseudorapidität und des transversalen Impulses darge-
stellt. Es ist deutlich zu sehen, daß die Impulsauflösung bei höher werdendem ⌘ und pt

Pt Resolution in STAR Forward TPC 
J. Putschke, Thesis 
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FIG. 1: (Color online) a) Charged hadron transverse momentum distributions at |η| ≈ 3.1 for 0-20%, 20-40% and 40-100%
central d+Au events. Closed triangles refer to measurements on the Au-side (η ≈ −3.1) and open triangles to the d-side (η ≈
3.1). b) 〈pt〉 extracted from fitting the transverse momentum spectra with a power law function at |η| ≈ 3.1 as a function
of Npart. The closed triangles are measurements on the Au-side and the open triangles on the d-side of a d+Au collision.
Statistical (lines) and systematical (bars) are shown separately (for details see text).

FIG. 2: (Color online) RCP at η ≈ −3.1 (Au-side; triangles) and at η ≈ 3.1 (d-side; circles) for 20% and 20-40% central d+Au
events. The grey band represents the estimate of the systematic error [20]. Midrapidity charged hadron RCP (0-20%) (|η| <
0.5) is shown as stars [21]. Measurements from BRAHMS at η ≈ 3.2 on the d-side [11] and from PHENIX in the region of −2
< η < −1.4 on the Au-side [14] are also overlayed. The solid lines represent HIJING simulations [19] without shadowing, the
dashed lines with shadowing.

where d2N/dptdη is the differential yield per event and
〈Nbin〉 the mean number of binary collisions for the corre-
sponding centrality class, calculated using a Monte Carlo
Glauber model [3] (see Table I). For the RCP mea-
surements the transverse momentum range could be ex-
panded to 3 GeV/c (instead of 1 GeV/c for the trans-
verse momentum measurements in section III A) due to
the centrality independence of the momentum resolu-
tion. Therefore, the effect of momentum resolution on
the transverse momentum spectra cancels out in the RCP

ratio.

Centrality class Npart Nbin

0-20% 15.69 ± 1.19 15.07 ± 1.29
20-40% 11.17 ± 1.11 10.61 ± 0.80
40-100% 5.14 ± 0.44 4.21 ± 0.49
0-100% 8.31 ± 0.37 7.51 ± 0.39

TABLE I: Npart and Nbin for various centrality classes.

Comparing forward to backward rapidities, it can be
seen in Fig. 2 that RCP is increasing with pt for pt < 3
GeV/c on the Au-side. Also RCP is larger on the Au-side,

4

FIG. 1: (Color online) a) Charged hadron transverse momentum distributions at |η| ≈ 3.1 for 0-20%, 20-40% and 40-100%
central d+Au events. Closed triangles refer to measurements on the Au-side (η ≈ −3.1) and open triangles to the d-side (η ≈
3.1). b) 〈pt〉 extracted from fitting the transverse momentum spectra with a power law function at |η| ≈ 3.1 as a function
of Npart. The closed triangles are measurements on the Au-side and the open triangles on the d-side of a d+Au collision.
Statistical (lines) and systematical (bars) are shown separately (for details see text).

FIG. 2: (Color online) RCP at η ≈ −3.1 (Au-side; triangles) and at η ≈ 3.1 (d-side; circles) for 20% and 20-40% central d+Au
events. The grey band represents the estimate of the systematic error [20]. Midrapidity charged hadron RCP (0-20%) (|η| <
0.5) is shown as stars [21]. Measurements from BRAHMS at η ≈ 3.2 on the d-side [11] and from PHENIX in the region of −2
< η < −1.4 on the Au-side [14] are also overlayed. The solid lines represent HIJING simulations [19] without shadowing, the
dashed lines with shadowing.

where d2N/dptdη is the differential yield per event and
〈Nbin〉 the mean number of binary collisions for the corre-
sponding centrality class, calculated using a Monte Carlo
Glauber model [3] (see Table I). For the RCP mea-
surements the transverse momentum range could be ex-
panded to 3 GeV/c (instead of 1 GeV/c for the trans-
verse momentum measurements in section III A) due to
the centrality independence of the momentum resolu-
tion. Therefore, the effect of momentum resolution on
the transverse momentum spectra cancels out in the RCP

ratio.

Centrality class Npart Nbin

0-20% 15.69 ± 1.19 15.07 ± 1.29
20-40% 11.17 ± 1.11 10.61 ± 0.80
40-100% 5.14 ± 0.44 4.21 ± 0.49
0-100% 8.31 ± 0.37 7.51 ± 0.39

TABLE I: Npart and Nbin for various centrality classes.

Comparing forward to backward rapidities, it can be
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GeV/c on the Au-side. Also RCP is larger on the Au-side,

Charged hadron Rcp at |η|~3.1 

|η|~3.1 

nucl-ex/0703016 

STAR magnetic field allows for moderate pT resolution in forward direction 
 e.g. FTPC, position resolution ~100 µm  

Some added momentum resolution can be garnered from radial magnetic field at poletip 
 
Likely insufficient for RICH particle identification, but sufficient for charge sign 

 discrimination in Drell-Yan: detailed simulations underway 
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Summary 

Major upgrade of capabilities in forward direction envisioned 
 

 Full calorimetry (EM+Hadronic)  
 Modern tracking technology to make most of existing 
  magnetic field  

 
Timescale: 2017+ 

 (BTW: Roman Pots Phase 2 have program in p+A, so engineering 
  needs to take this into account) 

 
Strong set of measurements to be made, complementary to 
and supporting those at a future EIC 
 
From this workshop: what specific measurements should we 
optimize for in design?   
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